Polymerase chain reaction for 4 fimbriae (F4, F5, F6, F41), 2 heat-stable enterotoxins (STa, STb), and 1 heat-labile enterotoxin (LT) were performed on 400 Escherichia coli isolates to determine their genotype prevalence among enterotoxigenic E. coli isolates from preweaned pigs with diarrhea in the Republic of Korea. A total of 200 of the 400 E. coli isolates were also selected for characterization of the O serogroup. Of these 200 isolates, serogroup could be determined in 139 (69.5%) but not in 61 isolates (30.5%). Isolates of serogroup O101 were the most common, followed in descending order by O8, O20, O162, O141, and O149. Ninety-seven (24.3%) of the 400 E. coli isolates carried genes for at least 1 of the entertoxins or fimbrial adhesins. Of these 97 isolates, 27 carried genes for at least 1 of the fimbrial adhesins and entertoxins. Sixty-six percent of the isolates that carried fimbrial adhesin genes carried genes for at least 1 of the enterotoxins, and 71% of the isolates that carried enterotoxin genes carried genes for at least 1 of the fimbrial adhesins. Genes for the F6 fimbriae were detected in 6% of the E. coli isolates, and F4ϩ, F41ϩ, and F5ϩ genes were detected in 4.3%, 3.3%, and 2% of the isolates, respectively. Genes for STa, STb, and LT were detected in 10%, 8.5%, and 4.3% of the isolates, respectively. The 6 major genotypes observed in this study (in decreasing order) were F6ϩ,
Enterotoxigenic Escherichia coli (ETEC) is a major cause of diarrhea and death in preweaned pigs. The organism has 2 types of virulence factors: fimbrial adhesins and enterotoxins. The fimbriae enable the ETEC to colonize the small intestine of piglets by mediating adhesion to the microvilli of epithelial cells. 15 The first fimbrial adhesin described for an ETEC strain isolated from a young pig with diarrhea was F4 (K88). 11 Other fimbrial adhesins identified on ETEC isolated from neonatal pigs with diarrhea included F5 (K99), 22 F6 (987P), 16 and F41. 19 Two classes of enterotoxins are produced by ETEC, heat-labile toxin (LT) and heatstable toxin (ST). Each stimulates secretion of electrolytes and fluids by intestinal epithelial cells, resulting in diarrhea and dehydration. Whereas LTs are homologous with regard to their mode of action and molecular mass, 7, 9 there is considerably heterology among STs. 1 The 2 main types of ST produced by ETEC isolated from pigs are STa (STI or ST mouse) and STb (STII or ST pig). 1 Classical methods for detection of fimbriae and enterotoxins, including serum agglutination tests (for various fimbriae), the infant mouse test (for STa), the Y-1 adrenal cell test (for LT), and the porcine ligated intestinal assay (for LT, STa, or STb but without distinction among them), have been used to characterize ETEC strains from pigs. 3, 5, 20, 29 However, these methods are expensive and time consuming, are dependent on virulence factor expression, and in some cases require sacrifice of animals. The polymerase chain reaction (PCR) technique is a powerful tool used for amplification of fragments of DNA. 26 The PCR test is sensitive and can be completed rapidly, giving results such as the identification of genes of fimbriae and enterotoxins within 1 working day. 20, 24, 30 Identification of fimbriae and enterotoxins is important in the epidemiology of ETEC because the prevalence of ETEC strains that express specific fimbriae and enterotoxins varies with geographic location, and information on prevalence is essential for control of colibacillosis in neonatal pigs. 3, 5, 10, 21, 23, 24, 28, 29, 31 Although colibacillosis is frequently observed in piglets in the Republic of Korea, little is known concerning the serogroups of the causative agents or their fimbrial adhesins or enterotoxins. The purpose of this study was to investigate the prevalence of various serogroups among E. coli strains isolated from piglets with diarrhea and to determine the percentage of these strains that contain genes of the various enterotoxins and fimbrial adhesins.
Materials and methods
Escherichia coli strains. Between 1995 and 1997, 400 E. coli strains were isolated from 432 diarrheic piglets younger than 14 days submitted from across Korea to the Department of Veterinary Pathology, Seoul National University. Ninety 
* See reference 27 for LT and reference 21 for STa, STb, F4, F5, F6, and F41. E. coli strains were isolated in 1995, 147 were isolated in 1996, and 163 were isolated in 1997. All piglets were submitted alive, and immediately upon receipt they were euthanized for necropsy. At that time, specimens of ileal contents were collected for bacteriologic culture on agar a and 5% sheep blood agar. Reference strains. A panel of reference E. coli strains was used as controls for the PCR, and nonenterotoxigenic E. coli strains were used as negative controls: b O141:K85ab (negative control), O8:K88, O9:K99, 987P:1413, F41:c721-89, O78:H Ϫ :STa:STb, and O15:H11:LT.
O serogrouping. A total of 200 of the 400 isolates were selected for characterization of the O serogroup. These isolates were submitted to the E. coli Reference Center, Pennsylvania State University, where they were propagated in veal infusion yeast extract medium before being heated at 100 C and evaluated by the microtiter modification of standard methods for screening and confirmatory assays for O antigen expression. 8 Cultures from strains that failed to agglutinate with antisera were subjected to 121 C for 1 h and retested.
PCR. A total of 400 isolates were examined for genes of fimbriae and enterotoxins. Base sequences and predicted sizes of amplified products for the specific oligonucleotide primers used in this study are shown in Table 1 . The PCR for fimbriae and enterotoxins was carried out as previously described, 24, 30 with slight modifications. Bacterial DNA amplification was performed using 5 l of the supernatant of lysed bacteria, 90 ng oligonucleotide primers, 0.2 mM each of dATP, dGTP, dCTP, and dTTP, 10 mM Tris HCl (pH 8.8), 1.5 mM MgCl 2 , 50 mM KCl, and 1 unit of Taq polymerase, c all in 50 l of distilled water. The PCR profile used included denaturing at 94 C for 1 min, annealing of primers at T1 for 2 min, and extension at 72 C for 1 min. T1 of each primer was determined by the following formula; T1 ϭ 4(G ϩ C) ϩ 2(A ϩ T), where G, C, A, and T indicate the number of corresponding nucleotides in the oligonucleotide. The 30 cycles of this 3-step procedure were performed in a thermal cycler, d followed by a 10-min extension step at 72 C.
The amplified product was visualized by standard electrophoresis of 10 l of the final reaction mixture on a 2% agarose gel. Amplified DNA fragments of specific sizes were located by ultraviolet fluorescence after staining with ethidium bromide. Their lengths were verified by a digested lamda DNA standard run simultaneously. The PCR reactions were repeated 3 times. Control DNA from reference strains were included in each reaction.
Results
O serogroups. Each of the 200 isolates selected for characterization of the O serogroup was isolated from 1 pig. If 2 pigs were submitted from the same farm, each isolate was tested. Of the 200 E. coli strains isolated from the 210 piglets with diarrhea, serogroup could be determined for 139 (69.5%) but not for 61 (30.5%). The 139 isolates belonged to 36 different O groups ( Table 2) . One hundred (72%) belonged to 11 O groups (in decreasing order): O101, O8, O20, O162, O141, O149, O51, O157, O9, O29, and O160. Other serogroups were O1, O3, O7, O11, O12, O16, O25, O26, O40, O54, O75, O77, O84, O86, O88, O100, O102, O103, O112, O123, O126, O128, O154, O170, and O172.
Among the 139 isolates with known serogroups, 33 (23.7%) were ETEC. Of these 33 ETEC isolates, 4 (12.1%) contained genes for the F4 fimbrial adhesin only, 1 (3.0%) contained genes for F5 only, 2 (6.1%) contained genes for F6 only, and 10 (30.3%) contained genes for F41 only. One (3.0%) of the 33 isolates contained genes for F6 and F41. Of these 61 isolates that could not be placed in a serogroup, 2 (3.3%) contained genes for F4 only, 7 (11.5%) contained genes for F5 only, 3 (4.9%) contained genes for F6 only, and 1 (1.6%) contained genes for F41 only ( Table 2) .
Of these 33 ETEC isolates, 4 (12.1%) contained genes for LT only, 3 (9.1%) contained genes for STa only, and 4 (12.1%) contained genes for STb only. Nine (27.2%) of the 33 strains contained genes for STa and STb, 2 (6.1%) contained genes for LT and STa, 2 (6.1%) contained genes for LT and STb, and 1 (3.0%) contained genes for LT, STa, and STb. Of the 61 isolates that could not be placed in a serogroup, 1 (1.6%) contained genes for LT only, 1 (1.6%) contained genes for STa only, 1 (1.6%) contained genes for STb only, 4 (6.6%) contained genes for STa and STb, and 1 (1.6%) contained genes for LT and STb (Table 3) .
Although the total number of isolates was small, equal numbers of O25 isolates contained genes for F4, and equal numbers of O101 isolates contained genes for F41 ( Table 2 ). Five of 7 O141 ETEC isolates contained genes for STa and STb. One O149 strain contained genes for LT, STa, and STb ( Table 3) .
Prevalence of fimbrial and enterotoxin genes.
Each specific primer pair for the 3 enterotoxins and 4 fimbriae yielded a PCR product of the expected size for control strains and field isolates ( Figs. 1, 2 ). For all 400 isolates the genotypes of the fimbriae and enterotoxins were determined. Ninety-seven (24.3%) of the 400 E. coli isolates carried genes for at least 1 of the fimbrial adhesins or enterotoxins. Of these 97 isolates, 27 carried genes for at least 1 of the fimbrial adhesins and enterotoxins (Table 4 ). Sixty-six percent of the strains that carried fimbrial adhesin genes carried genes for at least 1 of the enterotoxins, and 71% of the isolates that carried enterotoxin genes isolates carried genes for at least 1 of the fimbrial adhesins. The 6 major genotypes observed (in decreasing order) were F6ϩ, STbϩ, F41ϩ, STaϩSTbϩ, F6ϩSTaϩ, and STaϩ.
Among the 97 isolates known to carry genes for the fimbrial adhesins or enterotoxins, 60 isolates contained genes for at least 1 of the fimbrial adhesins. Of these 60 isolates, 17 (28.3%) contained genes for F4 only, 
Discussion
The prevalence of O serogroup, genes for 4 fimbrial adhesins (F4, F5, F6, F41) and 3 enterotoxins (LT, STa, STb), and their mutual relations among serogroup, fimbriae, and enterotoxins in E. coli isolated from piglets with diarrhea were examined. The E. coli isolates that contained genes for at least one of the fimbrial adhesins or enterotoxins were classified as ETEC. The isolation rate of ETEC strains in neonatal diarrhea was about 23.7%, and 27 ETEC isolates contained genes for fimbrial adhesins and enterotoxins.
The major serogroups identified were O8, O9, O20, O45, O64, O101, O115, O138, O141, O149, and O157, all of which have been isolated from diarrheic piglets. 10, 13, 17, 28 Among the 1-day-old to 2-week-old piglets, isolates of serogroup O101 were the most common, followed in descending order by O8, O20, O162, O141, and O149. In studies from other countries, O149 was most frequent in Canada, Japan, Sweden, Denmark, and the United States. 10, 23, 24, 28, 29 The distribution of O serogroups in the Republic of Korea is similar to that in Spain, which had only 7 serogroups (O8, O9, O20, O101, O138, O141, O149). 6 When all of the various kinds of enterotoxin-producing and fimbriae-positive strains are considered together, their combined frequencies showed great variations among O serogroups. Whereas LT-producing ETEC strains belonged to serogroup O149, STa-and STb-producing ETEC strains belonged to serogroup O20 and O141.
The most prevalent gene for fimbrial adhesins identified in this study was that for F6, whereas F6 was of low prevalence in surveys conducted in the United Kingdom, 31 Sweden, 28 United States, 5 and Canada. 10 The E. coli isolates in those studies may have possessed the F6 gene but the F6 antigen may not have been detected by slide agglutination. 5, 28, 31 The low prevalence of F6-positive strains in cases of porcine neonatal diarrhea may be due to phase variation. Many F6-positive isolates are not detected by the slide agglutination test but are identified by more sensitive tests, such as indirect immunofluorescence. 5 Use of PCR circumvents these problems and should more accurately reflect the prevalence of F6 in porcine isolates.
In the present study, only 2 E. coli isolates expressed Ͼ1 gene for fimbrial adhesins. These isolates contained genes for F4 and F6, or F5 and F6. Among porcine ETEC strains, the expression of F4 and F6, F5 and F41, F5 and F6, or F4 and F5 by the same strain had been described. 3, 5, 29 Although F41 has frequently been expressed in combination with F5, all E. coli isolates that expressed F41 in this study did not contain genes for F4, F5, or F6. In another study, some ETEC strains produced F41 only. 19 The pattern of enterotoxin producing E. coli is variable among countries and regions. STa-producing strains were more prevalent than LT-producing strains in the United States and Denmark, whereas LT-producing strains were more prevalent than STa-producing strains in England and Japan. 5, 23, 24, 29, 31 In the present study, STa-and STb-producing strains were more prevalent than LT-producing strains. A relatively large number of isolates (10) were STbϩ. The pathogenicity of E. coli strains producing STb only and lacking fimbrial antigens has not yet been determined. Although certain ETEC strains producing STb only and lacking the F4, F5, F6, and F41 fimbrial antigens may be diarrheagenic in piglets, 4 STb only did not significantly contribute to diarrhea caused by ETEC in neonatal pigs. 2 Further study may be needed to define a role of STb in the pathogenesis of preweaned pig diarrhea.
These data indicate a positive relationship between fimbrial adhesins and enterotoxins. Strains carrying the F6 fimbrial adhesin gene also possessed the STa gene, supporting the previous finding that F6 and STa genes are linked. 12 F4-positive E. coli usually produced both LT and STb in another study based on US isolates, 27 but in the present survey LT, STa, or STb genes were detected in nearly equal frequencies in conjunction with F4. Although F41 has frequently been detected in combination with F5, 18 such strains were not detected among the E. coli isolates in this survey. The 6 major genotypes observed in this study were (in decreasing order) F6ϩ, STbϩ, F41ϩ, STaϩSTbϩ, F6ϩSTaϩ, and STaϩ. This pattern is different from that of other countries, i.e., the United Kingdom, 30 Sweden, 27 the United States, 5 and Canada, 10 in which F41ϩ was the least prevalent genotype detected. This is the first demonstration of the gene for F41 fimbrial adhesin in Korean ETEC strains. The high prevalence of F41 may be the result of improved detection techniques. For example, slide agglutination tests for detection of F41 are less sensitive than are other tests to detect fimbriae. Thus a descrease in sensitivity may be attributed to masking of the fimbrial antigen by capsular material. 19 Although protection against F5 and F41 ETEC with F5 vaccines has been documented in pigs, 25 vaccines should also contain F41 antigens for full protection against diarrhea.
In Korea, as in other countries, colibacillosis is the most common enteric disease of preweaned piglets. Enteric colibacillosis is of economic importance because of weight loss and mortality in diarrheic piglets. Mortality rates ranges from very low to very high, depending on the strains involved. The detection of fimbrial and enterotoxin genes in E. coli isolates from piglets with diarrhea is more definitive than identification based on O serogroups; 47% of all the E. coli isolates examined belonged to 1 of the 9 serogroups and 18% of the isolates not assigned to a serogroup had fimbria and/or enterotoxin genes.
The results of the present study indicate a high prevalence of ETEC isolates that do not produce F4, F5, F6, or F41 (4F Ϫ ETEC). Vaccine-induced selection pressure could increase the prevalence of 4F Ϫ ETEC, as shown in previous studies. 14, 29 The PCR assay is a reliable and practical alternative for the identification of the important fimbrial adhesins and toxins in porcine E. coli strains. Results of the present study justify the use of vaccines containing F4, F5, F6 and F41 to prevent colonization of the intestines of piglets with E. coli expressing these fimbriae.
